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Mechanism of fluid secretion common to aglomerular and glomerular
kidneys. Isolated renal proximal tubules of sea water fish net secrete fluid
in vitro. The principal electrolytes in secreted fluid are Na, Cl, Mg and S.
Transepithelial voltages may be lumen-negative or -positive by a few
millivolts, and transepithelial resistances are low partly due to high
paracellular Na and Cl permeabilities. Transepithelial electrochemical
potentials indicate secretion of Mg into the tubule lumen by active
transport. As Mg concentration in secreted fluid rises, Na concentration
falls. Surprisingly, these observations of fluid secretion are made in
glomerular and aglomerular proximal tubules, suggesting a fundamental
mechanism common to both. Central to this commonality appears to be
their behavior as open Donnan systems. Mg actively secreted into the
tubule lumen from which it cannot diffuse back into the peritubular
medium causes the transepithelial secretion of diffusible Na and Cl. Water
follows by osmosis. Since there is flow out of the distal end of the tubule
Donnan equilibrium is not attained. Instead, a dynamic Donnan system is
maintained, driven by active transport of Mg. A mathematical model of
tubular electrolyte and fluid secretion confirms the operation of this open,
dynamic Donnan system in aglomerular and glomerular proximal tubules.
Of the 45,000 vertebrate species existing today nearly all them
use glomerular filtration as the first step in the formation of urine.
Only a tiny few, some 30 species of mostly marine fish, have no
glomeruli at all. Although these aglomerular fish have been
known for nearly a century, their renal mechanisms of aglomer-
ular urine formation are largely unknown to this date [1].
The anatomical oddity of a vertebrate kidney without glomeruli
would appear sufficient reason to expect renal functions that are
equally odd. Surprisingly this is not the case. Urine collected from
glomerular fish cannot be distinguished from urine of aglomerular
fish on the basis of volume and ionic composition [2], and
proximal tubules isolated from aglomerular and, surprisingly,
glomerular kidneys are both observed to secrete fluid in vitro [31.
Secretion of fluid in glomerular and aglomerular proximal
tubules lead us to suspect physicochemical phenomena common
to both. Indeed, a tubule model based on experimental observa-
tions and solved with the equations of electrodiffusion, osmotic
pressure, and laminar flow reveals the operation of an open,
dynamic Donnan system. This system appears to be largely
responsible for common mechanisms of electrolyte and fluid
secretion in glomerular and aglomerular proximal tubules of fish.
Observations of fluid secretion in fish proximal tubules
Secretion of fluid can be observed in fish proximal tubules by
filling the tubule lumen with light mineral oil and watching how
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epithelial secretion of an aqueous fluid subsequently breaks up
the oil column in the tubule lumen (Fig. 1). Eventually secretion
of aqueous fluid displaces all oil, driving it out of the open end of
the tubule. We first made this observation in proximal tubules of
the winter flounder [4]. At first this astounded us because the
flounder kidney is glomerular, and proximal tubules of glomerular
nephrons are supposed to reabsorb not secrete fluid. Since then
we have observed fluid secretion also in proximal tubules of other
glomerular fish, in the dogfish shark [5] and in the killifish [6], and
we now have observed fluid secretion also in proximal tubules of
aglomerular toadfish [3]. In general, rates of transepithelial fluid
secretion are low, between 20 and 60 p1/mm mm tubule length in
glomerular and aglomerular proximal tubules (Table 1).
Regardless of the presence of glomeruli, secreted fluid is
approximately isosmotic to the peritubular Ringer in both types of
proximal tubules. Na, Cl, Mg and S are always the principal
osmolytes in secreted fluid (Table 1). Rates of transepithelial fluid
secretion increase with increasing concentrations of Mg in se-
creted fluid (Fig. 2). At the same time, the concentration of Na
falls (Fig. 2).
Measures of transepithelial voltage yield lumen-positive and
-negative values usually less than 3 mV (Table 1). Transepithelial
electrical resistance is low as in other vertebrate renal proximal
tubules (Table 1).
Transepithelial electrochemical potentials are close to zero for
Na and Cl, indicating that these monovalent ions are distributed
across the tubule wall near but not at electrochemical equilibrium
[3]. High paracellular Na and Cl permeabilities are consistent with
low transepithelial electrochemical potentials [6].
Transepithelial electrochemical potentials for Mg and S are
respectively 40 and 30 mV, indicating their secretion into the
tubule lumen by active transport mechanisms [3, 7, 8]. Paracellu-
lar Mg and S permeabilities are probably low in view of the high
transepithelial Mg and S gradients generated by the epithelial
cells of the tubule [4, 81.
The model
A model of secretory proximal tubules based on the above
experimental observations is presented in Figure 3. The essential
features of this model are below.
(1) Transepithelial secretion of Mg is driven by active transport
[7, 8]. The mechanism of active Mg transport is unknown.
However, active transport must be transcellular because secretion
of Mg into the tubule lumen is against electrochemical potentials
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Fig. 1. Evidence of transepithelial fluid secretion in a proximal tubule of the glomerular winter flounder. After the lumen has been filled with oil
transepithelial secretion of fluid splits the oil column at two points along the tubule. Data are taken from [4].
Table 1. Functional properities of secretory proximal tubules of glomerular and aglomerular fish
Transepithelial
Species
.Proximal
tubule
electrophysiology
0Rates of fluid secretion
p1/mm mm
Composition of Se
mM
creted fluid
.
Voltage Resistance
mV ficm2 [Nal [Cl] [Mg] [SI
Winter flounder
Kilifish
glomerular
glomerular
—1.9 0.2 25.6 2.7
(113) (28)
—2.0 0.3 24.2 1.9
(50) (44)
36.6 4.2
(53)54 6
(28)
152
127
155
153
26
28
10
10
Toadfish aglomerular n.m. n.m. 28 5
(12)
195 171 12 9
Data are mean SE with (number of tubules); n.m., not measured. Transepithelial voltage has polarity of voltage in the tubule lumen. Data are taken
from [4, 6, 7].
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Fig. 2. Relationships between luminal Mg and
Na concentrations and rates of transepithelial
fluid secretion Vs in renal proximal tubules of the
glomerular winter flounder. Transepithelial
volume secretion is abbreviated as Vs rather
than Q in the present study. As Mg
concentration in secreted fluid (sf) rises, rates
of transepithelial fluid secretion rise in parallel
but Na concentrations fall. Among other ions in
the peritubular Ringer solution, the
concentrations of Na, Cl and Mg are 152.1, 152,
and 1 ms, respectively. Data are taken from
[81.
Fig. 3. Model of transepithelial fluid secretion in
aglomerular and glomerular fish proximal tubules.
Only transepithelial Mg secretion is active;
transport of Na and Cl is passive. Q is
downstream flow of secreted fluid, d is lumen
diameter, a is the length of the tight junction
pathway, and L is the length of the tubule.
tubule lumen, d is the lumen diameter, L is the tubule length, D
is the diffusion coefficient, z is the ionic valence, F is the Faraday
constant, V is the transepithelial voltage, R is the gas constant, T
is the temperature, and a is the length of the paracellular pathway
(Fig. 3). In the steady state ion(nct) equals the product of
downstream volume flow(Q) and ion concentration in the tubule
lumen.
(3) The paracellular pathway has a low permeability to Mg,
which is consistent with high transepithelial Mg gradients gener-
ated by transcellular active transport (Table 1). For reasons of
simplicity, a transepithelial electrodiffusive leak pathway for Mg
has been deleted from the model.
(4) Since, in the steady state, secretion into the tubule lumen
equals flow out of the open end of the tubule (Fig. 3) equations 1
and 2 are rearranged
—
TdLDNaZNaf3Vl [Na]2Q=
a 1 — e'1
[Cl]1
— e_Z0l
iitlLD1Zrj13V1 EQ]20=
a 1 —e"
(3)
(4)
where 13 = F/RT.
(5) Flow down the tubule lumen is laminar and described by the
Poiseuille equation, where the hydrostatic pressure for axial flow
equals the osmotic pressure difference across the tubule wall,
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4RTQ = ([Na]2 + [Mg]2 + [C1]2 — [Na]1 — [Mg]1 — [Cl]1) (5)
128TL
and where is the viscosity of secreted fluid.
(6) Electroneutrality of solutions requires that cationic charges
equal anionic charges. Accordingly, the concentration of secreted
Mg in the tubule lumen is
[Mg]2 = — [Na]2]
E
E
(6)
An identical form of equation 6 describes the relationship be-
tween the only ions present in the peritubular medium: Mg, Cl,
and Na. Substituting equation 6 into equation 5 yields
ITd4RT0 = ( [Cl]2 + [Na]2 — [Cl]1 — [Na]1 — [Mg]1) (7)128iL
Equations 3 and 4 can be rewritten and substituted into equation
7 to yield
3 a 1
(1 — e_V) + e_} +
D1irdLzc113Vi
L a II
(1 — e') + e}
DNaITdLZNaI3VJ
[Cl]1 - a]1 - [Mg]1
Since peritubular [Cl]1, [Na]1, and [Mg]1 are constant, the rela-
tionships between transepithelial voltage V1, tubular flow 0, and
luminal [Na]2 and [Cl]2 can be predicted as a function of luminal
[Mg]2 from equations 6 and 8.
Specific solutions of the model
Condition of zero flow and zero transepithelial voltage
In the case of no flow (0 = 0) down the tubule lumen and in the
absence of transepithelial voltage (V1 = 0) the model (eq. 3, 4,
and 5) reduces to the statement of no transepithelial concentra-
tion differences for Na, Cl, and Mg. Under these conditions the
concentrations of Na, Cl, and Mg in the tubule lumen equal those
in the peritubular medium (fixed in the model at 150, 152, and I
m, respectively). Thus, the model reduces to indicate chemical
equilibrium across the tubule wall.
Condition of zero flow in the presence of voltage
In the case of zero flow (0 = 0) and the presence of
transepithelial voltage (V1 0) the model (eq. 3 and 4) reduces
to
[Na]1[Cl]1 = [Na]2[Cl]2
which is a statement of transepithelial Donnan equilibrium.
Under these conditions Mg concentration in the tubule lumen
does not equal the concentration in the peritubular medium, and
the transepithelial voltage is simultaneously the transepithelial
Nernst potential for both Na and CI.
(8) Conditions of flow and voltage
In the case of downstream flow (0 > 0) and the presence of
transepithelial voltage (Vi 0) the model (eq. 6, 7 and 8) yields
unique values of flow, voltage, and luminal concentrations of Na
and Cl for any given [Mg]2
Figure 4 illustrates the relationships between Mg concentration
in the tubule lumen and net transepithelial osmotic pressure and
volume flow down the lumen as predicted by equations (6, 7 and
8). Downstream volume flow and hence the rate of transepithelial
fluid secretion are zero when the Mg concentration in the tubule
lumen (1 mM) equals the concentration in the peritubular bath
(Fig. 4). With increasing Mg concentration in the lumen, lumen
osmotic pressure rises. Consequently, rates of transepithelial fluid
secretion and flow down the tubule lumen increase (Fig. 4). This
relationship predicted by the model is confirmed experimentally
in isolated proximal tubules where rates of transepithelial fluid
secretion increase with increasing Mg concentration in the tubule
lumen (Fig. 2).
Figure 5 illustrates the relationship between the Mg concentra-
tion in the tubule lumen and the transepithelial voltage as
predicted by the model (eq. 6, 7 and 8). Transepithelial voltage is
zero when trarisepithelial flow is zero, again at a luminal Mg
concentration of 1 m (equal to the concentration in the peritu-
bular medium). Transepithelial voltage turns increasingly lumen-
positive with increasing Mg concentration in the lumen. This
relationship predicted by the model is also observed in proximal
tubules in vitro where the usual lumen-negative transepithelial
voltages go to zero and occasionally reverse to positive values with
increasing luminal Mg concentration [6, 9].
Figure 6 illustrates the relationship between the luminal con-
centration of Mg, Na and Cl as predicted by equations (6, 7 and
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Fig. 4. Modelpredictions of the effect of lumen Mg concentration [Mg]2 on
net transepithelial osmotic pressure ( &epr) and volume flow
(+ +; Q) down the tubule lumen. Volume flow is zero at zero transepithe-
hal osmotic pressure difference (see crossbar) when lumen Mg concentra-
tion equals peritubular Mg concentration (1 mM), and Na, and Cl
concentrations in the lumen equal peritubular concentrations, 150 and 152
m, respectively. Positive values of Q indicate secretory flow into the
tubule lumen (equal to flow out of the tubule lumen) at positive
transepithelial osmotic pressures. The following constants were assumed:
a = 2 x 1O cm, d = iO cm, L = 0.3 cm, h = 0.01 14 dyne second/cm3,
DNa = i0 cm2/second, D1 t06 cm2/second, z1 = 1, z = 1, b =
1/24.77 mV, T = 288 °K.
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Fig. 5. Model predictions of the effect of lumen Mg concentration [Mg]2 on
transepithelial voltage (2)• Transepithelial voltage is zero when lumen Mg
concentration equals peritubular Mg concentration (1 mM), and Na, and
Cl concentrations in the lumen equal peritubular concentrations, 150 and
152 mM, respectively. Under these conditions there is no transepithelial
osmotic pressure and no flow. V2 is the voltage in the tubule lumen with
respect to ground in the peritubular medium. See legend to Figure 4 for
values of model constants.
8). When Mg concentration in the tubule lumen equals that in the
peritubular medium (1 mM) luminal Na and Cl concentrations
equal those in the peritubular bath (150 m and 152 ms,
respectively). As Mg concentration in the tubule lumen rises,
lumen Cl concentration also rises, but lumen Na concentration
falls (Fig. 5). These predictions of the model are also borne out in
reality, in observations of fluid secretion in isolated proximal
tubules (Fig. 2).
Dynamic Donnan systems
According to the model, steady state is defined as the equality
of secretory flow into the lumen and downstream flow out of the
lumen which are both driven by the transepithelial osmotic
pressure difference (Fig. 3). In the model the osmotic pressure of
the peritubular medium is fixed at 303 mOsm because of constant
peritubular Na (150 mM), Cl (152 mM) and Mg (1 mM) concen-
trations. The osmotic pressure of secreted fluid is variable as the
sum of luminal Mg, Na, and Cl concentrations. The concentration
of Mg in the tubule lumen is the independent variable in the
model (Figs. 3, 4 and 5). Thus, the concentrations of Na and Cl in
the tubule lumen, values of transepithelial voltage and lumen
osmotic pressure, and downstream flow are all dependent vari-
ables. Description of this model with four independent equations
(eq. 1, 2, 5 and 6) yield solutions that are consistent with intuitive
expectations from the model.
In the absence of volume flow and transepithelial voltage, the
model (eq. 6, 7 and 8) reduces to indicate simple transepithelial
chemical equilibrium. Obviously, transepithelial concentration
differences for Na, Cl and Mg must be zero for transepithelial
volume flow and voltage to be zero.
For lumen Mg concentrations other than 1 m (the peritubular
[Mg]2, mM
Fig. 6. Model predictions of the effect of lumen Mg concentration 1Mg]2 on
lumen [Na]2 (S) and [Cl]2 (0) concentration. As Mg concentration in
secreted fluid rises, Cl concentration rises in parallel but Na concentration
falls as expected from a system essentially limited to isosmotic transport.
When lumen Mg concentration equals peritubular Mg concentration (1
mM), Na and Cl concentrations in the lumen equal peritubular concen-
trations, 150 and 152 mi, respectively. Under these conditions there is no
transepithelial osmotic pressure, no flow, and no voltage. See legend to
Figure 4 for values of model constants.
Mg concentration) the tubule wall develops transepithelial volt-
ages due to the unequal transepithelial distribution of Na and Cl
(Fig. 5). When at the same time transepithelial volume flow is
stopped by blocking flow from the open end of the tubule, the
conditions for Donnan equilibrium are given, namely: (1) the
presence of a non-diffusible charged solute (Mg) in the tubule
lumen, (2) a tubule wall permeable to diffusible ions Na and Cl,
and (3) no flow. Under these conditions the model (eq. 6, 7 and 8)
reduces to identify transepithelial Donnan equilibrium where the
transepithelial voltage is at once the Nernst equilibrium potential
for Na and Cl.
In isolated proximal tubules and in intact kidneys, the tubule
lumen is open to the atmosphere (Fig. 3). Thus one of the
conditions of Donnan equilibrium, no flow, is violated. Under
these conditions, concentrations of Mg in the tubule lumen higher
than peritubular Mg concentration (1 mM) set the stage for
transepithelial secretion of diffusible electrolytes (Na and Cl) and
water, and for downstream flow. Steady state is reached when
transepithelial fluid secretion into the lumen equals flow out of
the lumen at constant values of pressure, transepithelial voltage,
and luminal concentrations of Mg, Na, and Cl. In the model the
setpoint of this steady state is determined by the concentration of
Mg in the tubule lumen (the independent variable), by transepi-
thelial permeabilities to Na and Cl (eq. 3 and 4), and by the
geometry of the tubule (eq. 6). Equilibrium, in particular Donnan
equilibrium, is not attained as long as there is energy input (active
transport of Mg) and open flow out of the tubule. Thus the model
and the equations that describe it reveal a dynamic rather than a
static (equilibrium) Donnan tubule system. In this dynamic Don-
nan system: (1) lumen Na and Cl concentrations are always less
than Donnan equilibrium concentrations, (2) lumen osmotic and
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hydrostatic pressures are always less than the pressure at Donnan
equilibrium, and (3) the transepithelial voltage is a steady voltage
described by the Goldmann equation rather than the Nernst
equation at Donnan equilibrium.
The model analyzed in this study is a much simplified repre-
sentation of tubular secretion in real proximal tubules. Signifi-
cantly, the model possesses only one active transepithelial trans-
port system, namely that for the generation of constant Mg
concentrations in the tubule lumen. This is not the case in real
proximal tubules with multiple active transport systems, where a
change in one will affect transepithelial water flow and the luminal
concentrations of other actively transported solutes [2—6]. In light
of this caveat it is remarkable that the qualitative predictions of
the model (Figs. 4, 5, 6) are observed in actual tubule experiments
(Fig. 2). Accordingly, the common features of fluid secretion in
glomerular and aglomerular proximal tubules of fish kidneys can
largely be explained on the basis of the tubule as a dynamic
Donnan system, where secreted Mg is the non-diffusible molecule
with multiple charge, and where Na and Cl are the diffusible
monovalent ions. The system attempts to but is denied to go to
Donnan equilibrium because secreted solutes and water are
allowed to flow downstream. Quantitative matches between pre-
dicted and measured data must await the determination of
appropriate model constants.
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